We study the production of scalar and vector leptoquarks at LEP2. All leptoquark contributions into semileptonic four-fermion final states have been calculated and incorporated in the Monte Carlo event generator ERATO. Taking into account the irreducible Standard Model backgrounds we find that, at √ s = 192 GeV and with an integrated luminosity L = 500 pb −1 , first generation leptoquarks in the mass range of 150-180 GeV and with a Yukawa coupling in the range 0.03 to 0.3 can give detectable contributions.
The reported excess of high Q 2 events at HERA by the H1 [1] and ZEUS [2] collaborations stimulated a substantial research interest on the possible existence of new particles of leptoquark type. Such particles emerge in several contexts, including the Pati-Salam model [3] and the grand-unified supersymmetric theories [4] . Leptoquark-type interactions, described by higher-dimensional contact terms, are naturally incorporated within the idea of compositeness of quarks and leptons [5] .
Although the current HERA data are not yet conclusive 1 [1, 2] and no unambiguous interpretation exists [7, 8, 9, 10] , it is rather important to ask the question whether LEP2 will be able to sed some light on this issue. In this paper we present results concerning the contribution of leptoquark states in two-and four-fermion production processes at LEP2.
We start the presentation with the most general effective Lagrangian [11] , which is SU(3) × SU(2) × U(1) invariant, baryon-and lepton-number conserving as well as family diagonal, in order to avoid the most severe constraints from low-energy considerations [12] . It can be written as
where F = 3B + L denotes the fermion number. The gauge-interaction terms are given by
for scalars and
for vectors, with
and the SU(2) L × U(1) Y covariant derivative given by
where I ± are the SU(2) generators in the representation of the corresponding leptoquark state. The electroweak charges are given by
1 See for instance reference [6] for a further discussion.
and
In order to account for a more general structure in the vector leptoquark case one can also add the so called 'anomalous couplings' terms as for instance the 'magnetic' dipole one given by
parametrized in terms of κ γ and κ Z . Leptoquark contributions to LEP2 process can be classified as real and virtual ones. To the lowest order, virtual contributions proceed via the reaction e + e − →[7, 8, 10] , whereas for real ones we have the single leptoquark production mode [13, 14, 15] and for light enough masses, or high enough energies, the pair production [16] . Figure 1 : The contribution to two-jet production.
The two-jet production channel is the simplest one to be considered. The Feynman graphs contributing are shown in Fig.1 . Leptoquarks appear in the t(u)-channel exchange graphs and their contribution looks more or less like a contact term. We have calculated the helicity amplitudes using the Feynman rules implied by the Lagrangian Eq.(1)-Eq.(2) including initial state radiation (ISR) via the structure function approach [17] . In order to simulate as much as possible the actual experimental conditions and to reduce the background from the radiative return of the Z, the following cuts have been applied,
In order to evaluate the sensitivity of this process to leptoquark parameters we have used an unbinned extended maximum likelihood (EML) fit which produces essentially the best achievable result, assuming that the 'data' are fully accounted for by the Standard Model contributions. The 95% (99%) CL limits are shown in Fig.2 for several scalar and vector leptoquark types. We would like to emphasize that these results should not be taken literally since we expect that in 'real' life when higher-order contributions, hadronization as well as experimental resolution effects are taken into account these bounds will be eventually loosened. We now turn to the main subject of this paper, which is real leptoquark production. We have calculated all tree-order contributions, including all interference terms with the Standard Model, to the following 'semileptonic' reactions
where ℓ = e, µ, τ . A full description of the MC generator ERATO as well as its present extension can be found in references [18, 19] . Leptoquark contributions to ν ℓνℓand′q′ final states have not been considered here, since, as we will see, they are relatively suppressed.
For the first reaction, Eq. (11), with ℓ = e (ℓ = µ, τ ), the Standard Model Feynman graphs are of the NC48 (NC24) type 2 , whereas the leptoquark contribution can be classified in two categories: the LQ22 (LQ11), which is diagrammatically identical to the Standard Model CC22 (CC11) with the W boson replaced by a leptoquark, and a new category, called EQ20, which contributes only when ℓ = e. The generic graphs belonging to the latter class are shown in Fig.3 . Moreover there are nine scalar and nine vector leptoquark states contributing to these processes, namely
For the nomenclature about the four-fermion production diagrams see reference [19] . 
, with the obvious notation X a bc , where a = L, R is the helicity of the lepton, b = I is the isospin of the leptoquark and c = I 3 stands for its third component.
For the reaction Eq.(12), Standard Model contributions belong to the well known CC20(CC10) category, whereas those of leptoquarks fall into three different classes. The first one is the LQ20(LQ10), in close analogy to the previous case. The other two, the EQ10 and EQ6, Fig.3 , receive contributions only from the first generation leptoquarks. In the
respectively. In addition to the calculation of all tree-order Feynman graphs, we have also employed all phase-space mappings [20, 18] , which are necessary to cover all the kinematical regions where leptoquarks have the most substantial contributions. Initial state radiation (ISR) has also been included in the structure function approach [17] . Our calculation provides therefore the necessary framework to investigate real leptoquark production at high-energy e + e − colliders, including both pair-and single-production modes, for all leptoquark types, as given by Eq.(1)-Eq. (2), and for all generations. Nevertheless we find it convenient, in the light of recent data from HERA, to focus our present analysis on the first generation leptoquarks. It should be mentioned, however, that all necessary contributions for the study of the 2nd and 3rd generation leptoquarks at LEP2 have been fully accounted for in the present calculation and incorporated in ERATO. Although leptoquark contributions appear in a large number of graphs only a small part of them give a sizable contribution to the production cross-section, depending of course on the leptoquark parameters such as the mass and the Yukawa coupling. The first important consideration is coming from the total width of the leptoquark, which is given by
where J = 0, 1 is the spin of the particle, f 0 = and N ch = 1 or 2 depending on how many channels are available. As is evident for a leptoquark mass of the O(200 GeV) the typical width is of the order of a few hundreds of MeV. This is mainly due to the fact that leptoquarks couple to ordinary fermions in a very restricted way, which is not generally true for other types of leptoquark couplings, like those appearing in R-parity violating MSSM [7] . As a consequence of the narrowness of these states the interference terms among resonant ans non-resonant contributions are rather suppressed.
The second remark is that, for leptoquark masses M ≥ √ s/2, the single leptoquark production mode becomes dominant as far as the first generation leptoquarks are concerned. This proceeds mainly via the t-channel graphs, shown in Fig.4 , and their contribution comes mainly from the collinear electrons (positrons). This can be described either by the Weizsäcker-Williams [21] approximation or by integrating over the momentum of the final state electron using the leading logarithmic approximation as described in reference [20] . We have implemented both approaches, and checked that the results agree within less that 10%, which is rather typical for the leading logarithmic (LL) approximation we are essentially employing in both cases. As far as the Weizsäcker-Williams spectrum is concerned, we have used the following form:
It should be mentioned that this type of contributions, which are substantially enhanced due to the t-channel photon exchange, are only relevant for the first generation leptoquarks and for the semileptonic reactions, Eq. (11)-Eq. (12), under consideration. On the other hand, first generation leptoquark contributions to ν ℓνℓand′q′ final states are relatively suppressed, due to the absence of the t-channel photon exchange enhancement.
Finally, as the first graph of Fig.4 has a mass singularity in the quark propagator, special care has to be paid in the integration in this specific case. As before the LLapproximation scheme has been employed. It is worth to mention that comparing with the exact result for the total cross-section [14] , taking fully into account the quark masses, and properly integrating over the photon spectrum, both results agree to less than a few percent.
After completing the description of our calculation, we now come to the physics picture emerging from it. In the case of NC-type final states, Eq. (11), the signal has the typical structure of a lepton and a jet balancing each other's transverse momentum with some hadronic activity in the forward (backward) region. In the irreducible Standard Model background, on the other hand, the angular distribution of the positron (electron) is peaking in the backward (forward) direction. In order to suppress as much as possible the background, without lowering signal's contribution, we have employed the following set of cuts:
Among them the most important ones are the cut on the angle of the observed positron (electron) and the cut on the electron-jet invariant mass, m e−jet . In Fig.5 we show the invariant mass, m e−jet , distribution for leptoquark mass M = 170 GeV and λ/e = 0.5, with an integrated luminosity L = 500 pb −1 . Assuming now an invariant mass resolution of 5 GeV, we show in Fig.6 the 95% (99%) CL bounds in the leptoquark parameter space λ − M.
In the case of CC-type final states, Eq.(12), the signal, which is much more spectacular, consists only of one very energetic jet and a large amount of missing transverse energy. The only cuts employed in this case are
where p T is the transverse energy of the jet. The second cut is employed in order to reduce the main irreducible background contribution, coming from single W production, in which case two energetic jets, with an invariant mass O(M W ), would be present in the final state at relatively large angles with respect to the beam. Moreover, as the only kinematical information available in this channel is the jet momentum, one cannot fully reconstruct the mass of the leptoquark state, due to the missing neutrino energy 4 . In Fig.7 we show the p T spectrum of the signal as well as that of the irreducible Standard Model background. Taking into account the total number of expected/observed events, Fig.7 shows the 95% (99%) CL bounds in the plane λ − M. It should be mentioned that CC-channels are less useful, compared to the NC ones, for leptoquark searches, for two reasons: the first is that only a few states contribute to these channel and the second is that their contribution is suppressed by the reduced branching ratio.
In summary, we have presented a calculation of leptoquark contributions to two-and four-fermion final states at e + e − collisions, which has been incorporated in the MC event Figure 6 : The 95% (solid) and 99% (dashed) CL limits from single leptoquark production in the NC channel.
generator ERATO. Taking into account the Standard Model irreducible backgrounds we have studied real leptoquark production, either in its NC or CC channel, and we investigated the parameter space in which LEP2, operating at √ s = 192 GeV and with an integrated luminosity L = 500 pb −1 , would be sensitive. Our results show that a leptoquark with a mass in the range from 150 to 180 GeV and with a Yukawa coupling from 0.03 to 0.3, would give detectable contributions. Furthermore, since the analysis is more or less translationally invariant in the energy scale, an increase in the overall energy, i.e. form √ s = 192 GeV to √ s = 205 GeV, would result to a proportional increase in the leptoquark mass limits. As far as the luminosity dependence is concerned, similar improvements are to be expected, as can be easily inferred from the comparison of 95% and 99% confidence levels, which correspond to an increase of the order of 30% in the integrated luminosity. It is also important to note that the studies of real leptoquark production and of the virtual leptoquark contribution to the two-jet cross section are complementary, with the former being more efficient for M ≤ √ s and the latter being able to extend LEP2 sensitivity below the overall collision energy. Taking into account the results of this analysis, which send a rather encouraging message, a comprehensive and detailed feasibility study, using the calculational framework described in this paper and including experimental details, is welcomed in order to accurately estimate the 'real' potential of LEP2 in studying first generation leptoquark production. 
